Classical temporal integration (TI) is often viewed as a frequency-dependent, energy-based detection process. Detection thresholds for brief sinusoidal increments in either a fixed-level or a random-level broadband pedestal are reported that refute this traditional perspective of TI. Instead, evidence is presented that indicates (a) detection of absolute energy is not necessary for the TI effect and (b) the frequency dependence of TI is consistent with variations across frequency in peripheral auditory tuning, rather than the integration process per se. When peripheral frequency selectivity is controlled, TI can be explained by a frequencyinvariant integration process over at least the frequency range from 500 to 4000 Hz. This process is characterized by threshold improvements of 8-9 dB per decade increase in duration for increment durations between 10 and 300 ms.
I
nvestigators have known for at least 125 years that auditory detection for brief signals improves as signal duration is increased (Exner, 1876) . A number of different theories have been proposed to explain this perceptual effect (see reviews by Eddins & Green, 1995; Viemeister & Plack, 1993) . One of the most prominent is classical energy detection theory, which assumes that threshold sensitivity between approximately 10 and 300 ms depends on the absolute energy content of the sinusoidal signal (Green, Birdsall, & Tanner, 1957) . This means that for a decade increase in signal duration, signal power must be reduced by 10 dB to maintain constant energy, and thus constant detection. For signal durations longer than about 300 ms, detection varies relatively little (or much less) as the signal duration is prolonged. This characteristic timedependent pattern of sensitivity for tonal signals is commonly termed temporal integration (TI). The TI effect implies that, to a first approximation, the ear acts as an energy-storing device and that the integration process of summing the signal power to generate the necessary energy for detection is complete for signal durations exceeding roughly 300 ms. Thus, for durations between about 10 and 300 ms, TI for sinusoidal signals has historically been modeled as an absolute, energy-based detection process. Over the past decade, this classical view of TI has been challenged on several fronts (e.g., Eddins & Green, 1995; Formby, Heinz, Luna, & Shaheen, 1994; Heinz & Formby, 1999; Penner, 1978; Viemeister & Wakefield, 1991) . Notwithstanding this challenge, energy detection continues to be a prevalent explanation for TI effects in the field of audiology.
The energy hypothesis for masked signal detection (i.e., the idea that a tone is detected within a critical band filter on the basis of an increment in absolute energy above the masker background) can be tested with a roving-level paradigm (Green, 1988) . The strategy is to vary randomly the overall presentation levels for the signal-plus-noise stimulus and for the noise-alone stimulus across a block of two-interval, two-alternative, forcedchoice (2I, 2AFC) trials. This randomization (typically over a range of 20 to 40 dB) degrades the listener's ability to detect the signal (tone in noise) based on differences in overall level (i.e., absolute energy) between the two stimuli. If signal detection is the same in fixed-and random-level maskers (for otherwise similar measurement conditions), then such a finding provides compelling evidence against classical energy detection and suggests that listeners adopt some alternative detection strategy (e.g., profile analysis).
A growing body of evidence suggests that listeners perform the fixed-level and roving-level tone-in-noise detection tasks about equally well. For example, Gilkey (1987) reported a 0.4-dB difference in fixed-and rovinglevel masked detection for a brief (50 ms) 500-Hz sinusoid masked by a relatively-long-duration (654 ms) supracritical-bandwidth (2000 Hz wide) noise. Green (1988) found negligible differences in masked detection for 100-ms signals (sinusoids between 500 and 6000 Hz) in fixed-and roving-level backgrounds. Kidd, Mason, Brantley, and Owen (1989) showed that, for masker bandwidths broader than about a critical band, masked detection of a 230-ms, 900-Hz sinusoid was independent of masker-level properties (i.e., fixed versus random level). Based on these three studies, there does not appear to be a significant difference between fixed-and roving-level masked detection for sinusoids longer than about 50 ms when the signals are presented in a relatively broadband, long-duration masker. Thus, this evidence appears to argue against classical energy-detection theory as a hypothesis to explain TI.
A related long-standing conundrum in the TI literature concerns the effect of frequency on TI, which is problematic for virtually all TI theories. The dilemma is that for seemingly similar stimulus conditions, several investigations have found the time constant (τ) for TI to be invariant with signal frequency, whereas other studies have reported clearcut frequency-dependent patterns for TI and for τ. This conflict was highlighted by Watson and Gengel (1969) in a review of the TI literature, which they summarized in their Table 1 . Their review reflected a split among 14 studies, with about half reporting a frequency effect for TI. The prevailing viewpoint in most contemporary textbooks (e.g., Gelfand, 1998; Yost, 2000) and summary reviews (Eddins & Green, 1995; Gerken, Vishwa, & Hutchison-Clutter, 1990; Viemeister & Plack, 1993) is that the TI effect is frequency dependent, but it is unclear why this is so. The experimental evidence most often cited as illustrating a frequency dependence for TI comes from Plomp and Bouman (1959) and Watson and Gengel (1969) . The former study reported TI for masked detection, whereas the latter investigation described TI for absolute detection measured in quiet. Both sets of investigators assumed TI to be an energy-based detection process, and each used an exponential function to describe the TI effect for octave frequencies over the range from 125 or 250 Hz to 8000 Hz. Despite absolute differences in the ranges of the resulting integration time constants used for fitting the exponential functions to the detection data, both studies described an inverse relation between τ and stimulus frequency.
More recently, Gerken et al. (1990) reported an independent quantitative analysis of 50 data sets from 20 studies, including human and animal data. Their analysis confirmed that TI is frequency dependent. Notwithstanding their evidence for a strong effect of frequency on TI, Gerken et al. concluded that TI can best be explained by assuming Zwislocki's (1960) concept of a neural integrator (somewhere within the central auditory system) having a single (frequency-invariant) time constant on the order of 175-200 ms. Surprisingly, Gerken et al. made no attempt to reconcile the frequency dependence of the TI effect, which is an obvious problem for a central auditory "temporal integrator" having a fixed time constant.
To our knowledge, a satisfactory explanation for the effect of frequency on TI has not been presented. Our review of the literature reveals that at least six hypotheses have been proposed (or suggested) to explain the frequency effect. These include: (1) effects of spectral splatter, which may either adversely affect or confound detection, especially for low-frequency sinusoids (Chung & Smith, 1980; Florentine, Fastl, & Buus, 1988; Garner, 1947; Sheeley & Bilger, 1964) ; (2) variation in the slopes of psychometric functions for detection of sinusoids less than or equal to 500 Hz, which influences TI predictions by a "multiple looks" model (Viemeister & Wakefield, 1991) ; (3) small but systematic changes across frequency in the size of the temporal window used to describe short-term auditory integration (Viemeister & Wakefield, 1991) ; (4) frequency-dependent changes in basilar membrane compression properties, which can affect the slopes of TI functions (Oxenham, Moore, & Vickers, 1997) ; (5) frequency dependence of the time constant of the long-term central integration process; this explanation, which is implicit in many past TI studies, assumes that the efficiency of the integrator is diminished with increasing signal frequency (e.g., Gengel & Watson, 1971); and (6) an inverse relation between the slope of the TI function and the size of the critical ratio (or the critical band filter centered on the signal frequency) (Chung, 1981; Gengel, 1972; Simon, 1963) . We will show in this research that the latter hypothesis alone is incomplete, but it can be extended to explain the frequency-dependent behavior of the TI effect.
In the first part of this study, the TI effect was evaluated systematically for a comprehensive stimulus set. Increment detection thresholds were measured as a function of increment duration (T) and frequency (F) for individual sinusoidal signal components in a gated broadband noise masker. To characterize TI, signal frequencies spanning a five-octave range were used. Also, we evaluated both shorter and longer signal durations than were measured previously in fixed-versus roving-level masker conditions. Consistent with many earlier studies, a frequency-dependent TI effect was observed, and this effect proved to be independent of masker-level type (fixed or roved). In the second part of this study, a quantitative explanation is offered that is consistent with both the frequency dependence of the TI effect and the frequency invariance of a central "integration" process with a single, fixed time constant.
Methods

Participants
The participants for this study were three paid adult volunteers, 22, 25, and 38 years old. Each participant had audiometrically normal hearing sensitivity (pure-tone thresholds < 20 dB HL at octave intervals from 250 to 8000 Hz) and was recruited through local advertising. None of the volunteers had prior experience as a listener in laboratory experiments, but each participant received several hours of practice on selected experimental conditions. This amount of practice was sufficient for each participant to achieve stable asymptotic performance on both the fixed-level and roving-level detection tasks (described below). All three participants signed consent forms approved by our institutional investigation review board for use of human subjects in research.
Apparatus and Stimuli
The frequency components for the broadband noise pedestal and for each sinusoidal increment were produced using Tucker-Davis Technology (TDT) hardware. All stimuli were generated digitally by programming an array processor (TDT, model AP2) controlled by a personal computer. The stimuli were played out through a digital-to-analog converter (DAC) (TDT, model DA1) with 16-bit precision and a sampling period of 25 µs. The DAC output was low-pass filtered (TDT, model FT5) below 7500 Hz to prevent aliasing, then attenuated (TDT, model PA4), and routed monaurally to an earphone (Telephonics, model TDH-39) placed over the right ear of each listener. Each participant was tested while seated in front of a computer monitor and keyboard within a double-walled, sound-attenuating room.
The standard masker or pedestal stimulus (the background masker without the signal increment) was a broadband noise. It was composed of about 600 components, spaced roughly at 10-Hz intervals over the bandwidth, which nominally extended from 0 to 6000 Hz. The broadband pedestal was generated in the frequency domain by specifying equal magnitude and random phase for each component of the noise. The noise waveform then was created by computing the inverse fast Fourier transform (FFT) with a frequency resolution of 9.765 Hz (40-kHz sampling rate and 4096-point FFT). The standard pedestal had a total duration of 500 ms, including 10-ms raised-cosine rise/fall times. The signal stimulus was the same as the standard stimulus except that the level of one of the sinusoidal components within the noise pedestal was incremented above the uniform level of the pedestal background. The specific frequencies for each of the sinusoidal increments were F = 250, 500, 1000, 2000, and 4000 Hz. The incremented component within the signal interval was always centered temporally within the 500-ms noise pedestal and had a full-on plateau duration (i.e., excluding rise/fall times) of T = 10, 20, 40, 60, 140, 300, or 480 ms. Each sinusoidal increment was ramped on and off with 10-ms linear rise/ fall times. The spectrum level for the incremented sinusoidal component was specified by L 0 + ∆L, where L 0 is the spectrum level of the standard noise pedestal components and ∆L is the dB increment in level.
For the fixed-level pedestal, all components of the noise were presented at a constant level of L 0 = 40 dB SPL per component (noise spectral density equivalent to 30 dB SPL/Hz based on the frequency binwidth of the FFT). For the roving-level pedestal, the overall level of the noise in both the signal and nonsignal observation intervals was varied randomly, uniformly, and independently from interval to interval of every trial. The range of the random levels was 20 dB (L 0 = 30 ± 10 dB SPL). To compare directly estimates of increment detection thresholds for corresponding signals in the fixed-and roving-level noise conditions, an adaptive signal level (described below) was tracked and monitored at a point within the stimulus generation process before randomizing the overall levels. The signal and noise pedestal stimuli were passed together through a common programmable attenuator (TDT, model PA4), which was located within the stimulus circuit after the adaptive signal level was monitored. The attenuator was programmed to impose an equivalent amount of randomlevel variation on the increment and noise pedestal within each signal interval. This procedure maintained a constant signal-to-pedestal ratio on each trial within a block of trials.
Procedure
The experiment and response collection were controlled by the same computer that produced the stimuli. The psychoacoustic procedure was a conventional 2I, 2AFC task. The signal stimulus was presented with equal likelihood within one of the two 500-ms observation intervals of each trial. The two observation intervals were separated by a 500-ms interstimulus interval and were displayed visually on the computer monitor. Visual feedback of the correct observation interval also was displayed following the listener's response on each trial.
An adaptive tracking algorithm was used to estimate a threshold corresponding to 70.7% correct detection of the signal interval across a block of 50 trials (Levitt, 1971) . This adaptive algorithm determined ∆L, the dB increment in level, for each trial. The value of ∆L was decreased after two consecutive correct responses and was increased after an incorrect response. The value of ∆L for the initial three response reversals was either increased or decreased by a factor of 1.7783 and was subsequently either increased or decreased by a factor of 1.2589. The resulting estimate of increment detection threshold for a block of trials corresponded to the geometric mean of the increment levels for the last even number of small-step reversals (about 12-16 reversals across a block of 50 trials).
For both the fixed-and roving-level noise pedestal conditions, each listener provided a minimum of three threshold estimates (one per 50-trial block) for all combinations of T and F. In some cases, one or more additional ∆L threshold estimates were measured until three consistent estimates of the increment threshold level (all within 5 dB of one another) were obtained. Geometric mean thresholds (based on the logarithms of the dB increments in level) were calculated for each set of three consistent ∆L threshold estimates for a given stimulus condition. These estimates were then transformed, from values corresponding to in-phase addition of the correlated increment signal and broadband pedestal, into the equivalent uncorrelated signal-power-to-noise-power density ratio, 10 log 10 S/N 0 . The following equation from Heinz and Formby (1999) was used to convert the ∆L threshold values into equivalent masked detection thresholds: 10 log 10 S/N 0 = 10 log 10 (10 ∆L/10 -1),
where, for sinusoidal increments, S represents the power level of the equivalent uncorrelated signal that would have produced a spectrum level of L 0 + ∆L in dB SPL for the increment condition. The resulting threshold values presented in this report are equivalent to traditional tone-in-noise masked detection thresholds and correspond to classical critical ratio measures (Hawkins & Stevens, 1950) . The conversion of the detection data from ∆L thresholds into equivalent masked detection thresholds is necessary here for subsequent consideration and interpretation of the TI frequency effect in the second part of this report.
Results and Discussion
Fixed-Versus Roving-Level Detection
The aim of the first part of this study was to test the hypothesis that detection and integration of absolute energy is necessary for TI of sinusoidal increments. The measurements were performed under listening conditions analogous to the measurement of masked detection thresholds. Two sets of increment detection thresholds were measured as a function of T and F, one for a fixed-level masker and one for a roving-level masker.
The detection data for each of the three listeners were very similar, and only the pooled group results are presented. Shown in Figure 1 are the equivalent masked detection thresholds as a function of increment duration for the fixed-and roving-level pedestals. The results are displayed separately for each value of F in the respective panels. Power functions have been fitted by least-squares principles to each data set in Figure 1 to quantify the TI effects. These functions have the general form:
where f(T) is the predicted threshold (in dB plotted on a linear scale) for a given increment duration T (in seconds), a is the intercept parameter for a value of 1 on a common logarithm scale of duration log 10 T, and b is the slope parameter of the function. The values of the intercept and slope parameters for each power function are summarized in Table 1 . The fitting precision of the predicted power function to each data set is indicated by the accompanying mean squared error (MSE) value, which was typically smaller than 1 dB 2 . The detection thresholds for the two pedestal-level types were very similar for each F, systematically decreasing (improving) across T for each value of F. This improvement in sensitivity across T reflects the classical TI effect. The values of the slope parameter in Table 1 quantify this effect for each condition. An inverse relation is evident between these slope values and F. That is, the largest slope values (-7.12 to -7.79 dB per decade change in T) were fitted for F = 250 and 500 Hz, whereas the smallest slope value (-2.27 dB per decade change in T) was fitted for F = 4000 Hz. In general, the slope values for corresponding signal frequencies in the fixed-and roving-level pedestals differed by less than 1 dB; only for F = 4000 Hz did the discrepancy exceed 2 dB. Historically, this trend for a greater threshold improvement across T for smaller values of F than for larger values of F has been interpreted as indicating more efficient temporal integration of energy for low-frequency signals than for highfrequency signals (Gengel & Watson, 1971 ).
To evaluate differences in the increment detection thresholds for the fixed-versus roving-level pedestals and, thereby, to test the hypothesis that the TI effect is dependent on absolute energy detection, a repeatedmeasures ANOVA was performed with T and F as variables in the analysis. The ANOVA yielded a significant effect [F(1, 84) = 53.88, p < .0001] of pedestal-level type (fixed vs. roving) only for F = 250 Hz. When the threshold data for F = 250 Hz were removed from the analysis, the effect of the pedestal-level condition was nonsignificant [F(1, 42) = 0.795, p = .374]. The presence of a small effect for F = 250 Hz may be related to the small number of masker components (about 5) that fall within the narrow critical band at 250 Hz (Moore, 1989) .
According to Green's (1988) theoretical calculations for a 20-dB range of random-level variation, our listeners would have needed equivalent masked-detection thresholds larger than 41 dB for consistent use of an overalllevel cue in the roving-level task. None of the detection data in Figure 1 were of this magnitude. (Ranges of random-level variation up to 40 dB were also evaluated for some conditions, and the effects of roving level remained inconsequential.) Thus, a detectable difference in the overall levels, compared across the signal and standard observation intervals, apparently was not the basis for increment detection, nor for the TI effect for either pedestal type over the range F = 500 to 4000 Hz. Consequently, the hypothesis that TI represents an absolute energy-based detection process can be refuted.
Two important trends in these data have not yet been mentioned. They foreshadow much of the remaining focus of this report. First, note in Figure 1 that the frequencydependent TI effect varies closely with differences in detection threshold for large values of T. These latter thresholds characteristically increase as a function of F. Second, observe that the thresholds for small values of T remain relatively invariant with changes in F. Later in this report, the significance of these two independent trends is examined in greater detail.
The Influence of Frequency on Temporal Integration
The exponential model of TI supposes an energybased detection process. Experiment 1 established that the traditional energy cue is not necessary for this task. Comparison of increment detection data for fixed-level and roving-level noise pedestals. Increment detection thresholds for a group of three listeners have been averaged and converted into equivalent masked detection thresholds expressed in dB (as the ratio of signal-power-to-noise-power density) as a function of increment duration. The corresponding ±1 standard deviation bars are shown with each threshold estimate. The frequency of the sinusoidal increment is specified in each of the individual panels. Power functions have been fitted to the fixed-level (continuous line) and roving-level (dashed line) detection data. The slope of each power function, the corresponding intercept, and the precision of the fitted function to each data set is shown in Table 1 . Consider the traditional analysis of the TI effect shown in Figure 2 for exponential TI functions fitted separately to the detection data for each F for the fixedlevel pedestal (unfilled symbols) in Figure 1 . The classical TI model from Plomp and Bouman (1959) has been fitted by a least-squares procedure to these data, which were first normalized to the corresponding threshold measured at T = 300 ms for each value of F. The general equation for the model has the form:
10 log 10 (I T /I ∞ ) = -10 log 10 (1 -e
where I T is the signal intensity at threshold for a given increment duration T, I ∞ is the intensity of the long-duration signal at threshold (i.e., T = 300 ms), and τ is the time constant for the dynamic process to decay to 37% of its initial value. The τ values fitted for Equation 3 to the normalized detection data are shown for each condition of F in Figure 2 . Also, shown for comparison in Figure 2 are normalized absolute detection threshold data (filled symbols) from Gengel and Watson (1971) for the corresponding sinusoidal frequencies from 250 to 4000 Hz. Their detection thresholds were measured in quiet for sinusoidal pulse trains using a method-of-adjustment procedure.
The range of the threshold shifts across the TI functions and-in turn-the magnitudes of τ varied inversely with F. Relative to I ∞ , the maximum and minimum threshold shifts at T = 10 ms were roughly 13 dB for F = 250 and 6.5 dB for F = 4000 Hz, respectively. The corresponding range for τ was reduced from 172 to 60 ms as F was increased from 250 to 4000 Hz. This change in τ corresponds to about a three-fold reduction across a range of four octaves. Except for small values of T, the TI functions provide remarkably good fits to the TI data reported by Gengel and Watson (1971) . This good agreement is somewhat surprising because of inherent differences in the psychophysical methods and the fact that their measurements reflect quiet detection thresholds for sinusoidal pulse trains. The discrepancy in the two data sets for small T values may reflect differences in the manner in which signal duration and rise/fall times were considered and defined. Alternatively, differences in the audibility of "spectral splatter" (see General Discussion) in quiet and noise backgrounds may explain this discrepancy.
The τ values for the fixed-level pedestal (shown in Figure 2 ) can be compared directly with the slope parameters (shown in Table 1) for the power functions fitted to the corresponding data sets in Figure 1 . The steepest slope values (-7.50 and -7.12 dB per decade of T) correspond to the largest τ values (172 and 146 ms) for F = 250 and 500 Hz. Similarly, the shallowest slope values (-4.37 and -4.62 dB per decade of T) correspond to the smallest τ values (57 and 60 ms) for 2000 and 4000 Hz. Thus, as expected, large τ values equate with steep-slope power functions, whereas small τ values equate with shallow-slope power functions.
The exponential TI effects as a function of F for the roving-level pedestal were similar to those shown in Figure 2 for the fixed-level pedestal. Thus, it is not necessary to present the corresponding TI functions for the roving-level pedestal here. From this analysis, it is evident that TI for sinusoidal increments measured in a broadband noise pedestal reflects the same qualitative frequency dependence that has often been reported over the last half century for integration of sinusoids in both quiet and masked detection measurements. This is seemingly a perplexing result if the TI effect is, as some theorists have argued, a central auditory process having a fixed time constant (see Zwislocki, 1960 Zwislocki, , 1969 Gerken et al., 1990) . A plausible explanation for the frequency-dependent TI effect, however, and a means to reconcile TI with a single central integration process, is evident in the behavior of the equivalent masked detection thresholds in Figure 1 . The essence of this explanation, which is illustrated in Figure 3 , focuses on the earlier observation that the frequency-dependent TI effect in the detection data was due principally to changes across F in the detection thresholds at larger values of T. In Figure 3 , the equivalent masked detection thresholds for the roving-level pedestal condition are presented as a function of F for the different T values. The slope of the resulting threshold function for T = 10 ms is effectively zero across F. In general, the slopes for the other threshold functions tend to increase gradually across F for increasing values of T, becoming steepest for large values of T greater than or equal to 140 ms. For large T, the thresholds increased by about 3 dB for each octave increase in F. The latter slope characteristic is consistent with changes in critical-ratio estimates measured in masking experiments with relatively long-duration signals (e.g., Formby, 1990; Hawkins & Stevens, 1950; Patterson, Nimmo-Smith, Weber, & Milroy, 1982) . A 3-dB-per-octave slope for critical-ratio estimates is usually attributed to the fact that auditory filter bandwidth roughly doubles with octave increases in F; accordingly, masker power through the filter doubles. Masked detection thresholds should, in turn, increase proportionally as a function of F. Absolute masker power, however, appears to be irrelevant for explaining these detection data, which were measured in roving-level background conditions that confounded the listeners' use of absolute energy. Instead, detection of relative power through a bank of contiguous, progressively wider auditory filters probably can account for the frequency-dependent detection for the long-duration signals in these results.
The significance of this long-duration "critical-ratio" effect on TI becomes apparent in Figure 4 after the 300-ms thresholds (from Figure 3) have been corrected for the critical-ratio effect by subtracting 3, 6, and 9 dB from the increment detection thresholds measured at 1000, 2000, and 4000 Hz, respectively. These results have been replotted, along with the original 300-ms detection threshold for F = 500 Hz, as the long-duration endpoints Figure 1 are shown as a function of increment frequency for changes in increment duration. These data highlight the invariance of the 10-ms detection data and the systematic change in the detection data across increment frequency for increasing values of increment duration. The latter threshold changes for increment duration T ≥ about 140 ms correspond to increases of about 3 dB for each octave increase in increment frequency. This 3-dB-per-octave slope characteristic is identified by the bold dashed line; it is consistent with changes in classical estimates of the critical ratio above about 500 Hz for relatively long-duration sinusoids (i.e., > about 200 ms). Hz have been constructed with the frequency-invariant detection thresholds measured for T = 10 ms and with the frequency-dependent detection thresholds measured for T = 300 ms. The latter long-duration thresholds for F = 1000, 2000, and 4000 Hz have been corrected here for the critical-ratio effect (to account for increases in the original thresholds of about 3 dB per octave with increasing F). A two-point function connecting the open symbols for F = 500 Hz is also shown. It has not been corrected for the critical ratio effect at T = 300 ms because the critical ratio is relatively invariant for frequencies at and below 500 Hz. The slopes of the resulting two-point power functions are essentially independent of F.
for a set of simple two-point power functions. The threshold for the long-duration 500-Hz increment was not corrected because classical estimates of the critical ratio are relatively invariant at and below about 500 Hz (Moore, 1989) . The original 10-ms thresholds, previously shown in Figure 3 to be relatively invariant with F, were used as the short-duration endpoints for these two-point power functions. (Potential reasons for the frequency invariance of the 10-ms thresholds are discussed below.) Importantly, after correcting the long-duration thresholds for the critical ratio (i.e., peripheral frequency selectivity), the resulting power functions virtually superimpose for all values of F. The slopes of these simplified power functions reflect threshold changes of -8 to -9 dB per decade change in T. These two-point slope values are only slightly larger (steeper) than those slope values (-7.12 to 7.79 dB per decade change in T) fitted for the power functions to the full data sets for F = 250 Hz and 500 Hz (see Table 1 ). Again, these latter data were not believed to have been confounded by a critical-ratio effect and, therefore, were not corrected for this effect for F = 500 Hz. These slopes, however, are much larger than the slope values (-2.27 to -4.80 dB per decade change in T) fitted to the full detection data sets in Table 1 for F = 2000 and 4000 Hz (which are believed to have been confounded by critical-ratio effects).
General Discussion
Temporal Integration Is Not an Absolute Energy-Based Detection Process
Our findings for the fixed-and roving-level pedestals extend related evidence from Gilkey (1987) , Green (1988), and Kidd et al. (1989) . When considered in aggregate, these findings argue convincingly against the classical concept that the TI effect is based on absolute energy detection within the traditional critical band. These findings are consistent with Gilkey's (1987) conclusion "that even in very simple simultaneous tone-innoise masking tasks, subjects use listening strategies that are more complicated than would be suggested by a traditional interpretation of the critical band" (p. 35). In other words, listeners can and do rely on cues other than absolute energy (overall level differences) for masked detection. The two most likely cues for masked detection in the roving-level task from this study were the spectral and temporal profiles created by incrementing selectively brief sinusoidal components within the longer-duration noise pedestal. The former is the traditional (spectral) profile cue that is thought to be detected by comparing differences in energy between the incremented and background portions of the spectrum within the signal observation interval (Green, 1988) . The latter temporal profile cue arises from an increment in the temporal envelope of the stimulus when the stimulus is present (Formby et al., 1994; Gilkey, 1987; Heinz & Formby 1999; Kidd et al., 1989) . In the context of the increment detection task, both spectral and temporal profile cues were available to the listeners and made possible a within-interval comparison of the incremented and pedestal portions of the stimulus. Heinz and Formby (1999) have argued that integration of spectral-profile information (contained within the signal interval) across time provides a parsimonious explanation for the TI effect in the detection of time-limited and band-limited increments in roving-level noise.
Frequency Dependence of the Temporal Integration Effect in the Context of a Frequency-Invariant Central Integration Process
In the analyses presented in the second part of this report, it was shown that F has a large influence on the TI effect for sinusoidal increments over the range from F = 250 to 4000 Hz. It was also shown that this frequency effect is quantitatively the same as that described by Gengel and Watson (1971) for TI of sinusoids in quiet. These findings are consistent with other evidence that the TI effect is similar whether it is measured in broadband noise or in quiet (Chung & Smith, 1980; Florentine et al., 1988; Garner & Miller, 1947; Gengel, 1972; Plomp & Bouman, 1959) .
The apparent frequency dependence of the TI effect in the increment detection data is related inversely to the critical ratio, which has long been used as a simple measure of peripheral frequency selectivity (Fletcher, 1940) . This study is not the first to note a correspondence between the TI effect and the critical ratio. It apparently was first pointed out by Simon (1963) and, subsequently, observed by Gengel (1972) and Chung (1981) .
Important in this study, and in some of those studies above that have described a frequency dependence for the TI effect and an inverse relation between the TI effect and the critical ratio, is the observation that detection thresholds measured for brief duration signals (T < 10-20 ms) may be essentially invariant with F. The relative invariance of the detection thresholds for T = 10 ms is very clearcut in our roving-level data set in Figure 3, in Gengel's (1972) short-duration masked detection results, and is a trend noted by Chung (1981) in his research. Multiple reasons may be offered to explain why detection becomes independent of F for short-duration sinusoids. These reasons include, but are not limited to, the development of frequency selectivity over time (Scholl, 1962) and confounding spectral splatter associated with short-duration signals (Florentine et al., 1988; Garner, 1947) . The former phenomenon continues to be a very speculative concept (see Kimberley, Nelson, & Bacon, 1989; Moore, Poon, Bacon, & Glasberg, 1987) , whereas the latter phenomenon is well established. Although controversial, it is possible that if the frequency selectivity of the listeners in this study were universally poor across F for small T (and there is evidence to support this idea-e.g., Hall & Fernandes, 1983) and sharpened with increasing T, then enhancement of frequency selectivity over time could explain our findings in Figure 3 . Namely, this explanation would account for frequency-invariant detection for T = 10 ms and, in turn, for progressively steeper slopes for the threshold-versus-frequency functions as T was increased to about 140 ms. For T of 140 ms or greater, the slopes of the threshold-versus-frequency functions suggest that frequency selectivity changed little with increasing T. A similar argument, however, can also be made that a better defined signal spectrum, with less energy splatter, would be expected for increasing T. This physical change in the signal stimulus might therefore provide an alternative explanation for the trends in Figure 3 (at least for F ≤ ~1000 Hz). Specifically, for large values of T, the signal spectrum was narrower than the critical band for all frequencies in this study. Detection threshold therefore increased by roughly 3 dB per octave, which is consistent with increased masking energy passing through the broader critical bands at higher frequencies. In contrast, for small T values, the signal spectrum may have been broader than the critical band, especially for small F. Thus, the increase in masker energy passing through the critical band as F was increased may have been offset by an increase in signal energy through the critical band. This would result in invariant detection thresholds across F for our small values of T, as shown previously in Figure 3 .
Whatever the explanation is for the frequency independence of short-duration detection thresholds, this invariance (in combination with the frequency-dependent critical-ratio effect measured for large values of T) contributes directly to the frequency dependence of the TI effect in this study. This conclusion is consistent with Gengel's (1972) observation "that the slope of the integration function may be determined primarily by the manner in which the ear processes signals of relatively long duration" (p. 1851). However, neither Gengel nor any of the past investigators who remarked on the general correspondence between TI and the critical ratio have evaluated quantitatively the implications of this observation for the frequency dependence of TI. It has been demonstrated here that the TI pattern is virtually independent of frequency over the range F = 500 to 4000 Hz after correcting for the long-duration critical-ratio effect. The resulting slopes of the two-point power functions were on the order of -8 to -9 dB per decade of T. Accordingly, these slope values agree well with the average slope of the power function (equivalent to -8.4 dB per decade of duration) established by Gerken et al. (1990) in their review of a large series of studies that used sinusoids to evaluate TI over a similar range of F.
It is noteworthy that the slope estimates for the simplified power functions agree surprisingly well with those reported by other investigators, such as Florentine et al. (1988) , who did not correct for the influences of peripheral frequency selectivity and did not find a significant effect of F on TI for sinusoids within the range from 250 to 4000 Hz. The lack of a frequency effect on TI in their study may, in part, be explained by the fact that Florentine et al. purposely did not measure detection of very brief signals at low frequencies to avoid confounding spectral splatter. However, other investigators have evaluated TI using both briefer and longer shortduration signals than used in this study or in Florentine et al. (1988) . In these various studies there appears to be no obvious pattern to predict either an effect or the lack of an effect of F on TI (see again Table 1 in Watson & Gengel, 1969) .
Implications for Modeling the Temporal Integration Process
Despite inconsistencies in various aspects of the TI literature, the present findings are consistent with a parsimonious two-stage process for the TI effect. The first stage can be modeled as a peripheral auditory filter bank with channels that progressively widen with increasing frequency (e.g., a bank of rounded-exponential filters as described by Patterson & Moore, 1986) . In this study, the adverse effect of the roving-level masker presumably was overcome by listeners making comparisons (within the signal-plus-noise interval) of filter outputs across frequency. More masker energy was passed through the broader high-frequency filters than through the low-frequency filters, thereby accounting for the frequency-dependent effect on detection for long-duration signals. Similar filter-combination schemes have been proposed to explain other forms of temporal processing (e.g., gap and modulation detection; see Eddins & Green, 1995; Formby & Muir, 1988) .
The second stage of the TI process likely is located at a higher level within the auditory system. This stage represents a frequency-invariant process operating on relative-energy differences at the output of the peripheral filter bank. At this time it is unclear where this "temporal integrator" stage resides within the auditory pathway. Some electrophysiological evidence suggests that the frequency-dependent behavior of the TI effect is present early on in single-unit auditory-nerve data and, therefore, it is unnecessary to postulate additional frequency-dependent processing by an anatomically higher-level temporal integrator (Dunia & Narins, 1989) . Indeed, Eddins (nee Clock) and her colleagues (Clock, Salvi, Saunders, & Powers, 1993; Eddins & Peterson, 1999; Eddins, Salvi, Wang, & Powers, 1998) have shown qualitatively the same frequency-dependent threshold improvements with increasing signal duration for single neurons at the levels of the auditory nerve and cochlear nucleus and for the late auditory evoked potential generated by the auditory cortex. At each anatomical level, the τ of the (exponential) integration function or slope of the power function was reduced with increasing frequency (or with the increasing characteristic frequency of the neuronal recording). The important point here is that the frequencydependent TI effect is evident at very early stages of processing within the auditory pathway. This is taken as further evidence that the frequency dependence for the TI effect is likely being controlled by peripheral frequency selectivity rather than by the integration process per se.
The fact that the frequency dependence of the TI effect can be explained directly by peripheral frequency selectivity (without ad hoc assumptions about the integration process) has important implications for current models that struggle with the frequency dependence of TI. Specifically, consider the "multiple looks" sampling model outlined by Viemeister and Wakefield (1991) . This model assumes that threshold improvement with increasing duration is achieved by means of a short-term integrator that accumulates multiple, independent, shortduration samples or "looks" over the duration of the signal. Viemeister and Wakefield suggested the frequency dependence of the TI effect might be explained in the context of their model by a reduction in the size of the temporal window of the short-term integrator with increasing frequency. The problem with this explanation is that between about 250 and 8000 Hz the temporal window is diminished by only a factor of two, from about 13 to 7 ms (Plack & Moore, 1990) . Such a small change could explain a 3-dB threshold difference across this frequency range but could not readily account for the 9-dB threshold difference that was demonstrated in Figure 3 between F = 500 and 4000 Hz for longer signal durations (i.e., T = 300 and 480 ms). This frequency dependence for the short-term integrator is unnecessary in the "multiple looks" model if, in fact, the frequency dependence of the slope (or τ) of the TI function is due to the effects of peripheral frequency selectivity rather than to those of the integration process.
It is instructive to note here that other increasingly popular models of TI, which have as their basis the idea that basilar membrane compression properties control the slope of the TI function, also cannot account for the frequency dependence of the TI effect. For example, Oxenham et al. (1997) proposed a model of TI incorporating a compressive nonlinearity, representing the influence of basilar membrane compression, followed by a short-term temporal integrator of central origins. Oxenham et al. demonstrated that increasing the amount of compression in their model resulted in TI functions with steeper slopes. Based on the frequency dependence of the compressive properties of the basilar membrane (Cooper & Rhode, 1995 Cooper & Yates, 1994) and related psychophysical evidence from auditory masking studies (e.g., Hicks & Bacon 1999a , 1999b Moore, Vickers, Plack, & Oxenham, 1999; Rosen & Stock, 1992) , the predictions from this model are seemingly in the wrong direction for the frequency dependence of the TI effect. That is, all evidence to date suggests that compression from the basilar membrane increases systematically from low to high frequencies. Thus, this model predicts that the slopes of TI functions should be steeper for detection of high-frequency sinusoids than for detection of low-frequency sinusoids. This is not the trend of the data in the present study nor in most studies that have revealed a frequency dependence for the slopes of TI functions.
Conclusions
The present findings suggest that whatever model one may envision for explaining the TI effect, this effect is not based on detection of absolute energy. This would seem to eliminate the class of models that assume integration of energy by any process having a large time constant (i.e., 100-200 ms; see review by Viemeister & Plack, 1993) . Furthermore, to explain the frequency dependence of the TI effect in this study, it is not necessary to assume significant frequency-dependent contributions from either the compressive nonlinearity of the basilar membrane (Oxenham et al., 1997) or the integration process (Viemeister & Wakefield, 1991) . Rather, the frequency dependence of the TI effect can readily be explained by frequency-invariant detection of short-duration (≤10 ms) signals in combination with frequencydependent detection of intermediate and long-duration signals (which is consistent with influences from peripheral frequency selectivity).
